Disruption of endothelial monolayer integrity is the primary instigating factor for many cardiovascular diseases. High density lipoprotein (HDL) oxidized by heme enzyme myeloperoxidase (MPO) is dysfunctional in promoting endothelial repair. Apolipoprotein A-1 mimetic 4F with its pleiotropic benefits has been proven effective in many in vivo models. In this study we investigated whether 4F promotes endothelial repair and restores the impaired function of oxidized HDL (Cl/NO 2 -HDL) in promoting re-endothelialization. We demonstrate that 4F and Cl/ NO 2 -HDL act on scavenger receptor type I (SR-B1) using human aorta endothelial cells (HAEC) and SR-B1 (-/-) mouse aortic endothelial cells. Wound healing, transwell migration, lamellipodia formation and single cell migration assay experiments show that 4F treatment is associated with a recovery of endothelial cell migration and associated with significantly increased endothelial nitric oxide synthase (eNOS) activity, Akt phosphorylation and SR-B1 expression. 4F increases NO generation and diminishes oxidative stress. In vivo, 4F can stimulate cell proliferation and re-endothelialization in the carotid artery after treatment with Cl/NO 2 -HDL in a carotid artery electric injury model but fails to do so in SR-B1 (-/-) mice. These findings demonstrate that 4F promotes endothelial cell migration and has a potential therapeutic benefit against early endothelial injury in cardiovascular diseases.
Introduction
High Density Lipoprotein (HDL) levels demonstrate an inverse relation with incidence of coronary artery disease [1] . In addition to its primary action of reverse cholesterol transport [2] that causes atherosclerosis plaque regression [3] [4] [5] [6] , HDL has pleiotropic traits like antiinflammatory [7] [8] [9] [10] [11] , anti-oxidative [12, 13] , and anti-apoptotic properties [13, 14] . HDL plays an essential role in maintaining endothelial monolayer integrity preventing endothelial dysfunction and injury in response to shear stress from disturbed flow patterns. This disruption of the endothelial monolayer integrity plays a crucial role in the initiation and propagation of atherosclerosis [15] and can be alleviated by the proliferation of neighboring endothelial cells (EC) and endothelial progenitor cells (EPC) [16] [17] [18] . HDL promotes endothelial repair by upregulating endothelial nitric oxide (NO) synthase (eNOS) and endothelium-dependent vasodilation [7, 19] , stimulation of endothelial cell proliferation and migration [20] [21] [22] and EPC-mediated endothelial repair [20, 23, 24] . Also, HDL mediates re-endothelialization by promoting differentiation, inhibition of apoptosis, and dhesion of circulating EPC [25, 26] .
Scavenger receptor-B type-I (SR-BI) on endothelial cells are directly involved in HDL signaling by promoting endothelial cell migration and re-endothelialization in addition to its traditional function of mediating cholesterol and phospholipid movement between its ligands and cells [18] . This process is nitric oxide independent activation of Rac GTPase through the receptor and dependent on activation of src kinase, phosphatidylinositol 3-kinase, and p44/42 mitogen-activated protein kinase. Human EPC also express surface HDL receptor ecto-F1-ATPase HAEC treated with SR-B1 siRNA (E). HDL oxidation (F) of tryptophan, (G) methionine, and (H) tyrosine were measured and expressed as oxidized apolipoprotein A-1 to native apolipoprotein A-1 ratios. The experiments had six independent biological replicates and every replicate have three technical replicates each. MAECs experiments were performed from three batches, and cells in each batch were isolated from three mice.
and apolipoprotein A1 (apoA-1), enhance proliferation of human EPC and promotes angiogenesis through the cell surface ATP synthase [26] . Besides, apoA-1 has a significant direct effect on re-endothelialization by increasing differentiation of lineage minus bone marrow-derived cells into CD31+cells, improving adhesion of the CD31+cells to vessel wall [24] and contributing to the migration of bone marrow-derived EPC to the damaged endothelium or ischemic tissues. Paraoxonase 1 (PON1), an atheroprotective protein, has been linked to the anti-oxidative, anti-inflammatory, and lipid cargo-carrying functions of HDL. Like PON1, leukocyte-derived heme protein myeloperoxidase (MPO) relates to HDL, oxidant stress, and atherosclerosis mechanistically. Site-specific MPO mediated chlorination and nitration of apoA-1 residues impair HDL function [27, 28] . MPO mediated Cl/ NO 2 -HDL is dysfunctional and associated with incident and prevalent atherosclerotic disease in many clinical studies [27, 29] . Specifically, MPO-catalyzed nitration or chlorination of HDL is a negative modulator of EC proliferation and migration and is unsuccessful in promoting endothelial repair [7, 20] . Also, Cl/NO 2 -HDL in various disease states can also markedly impair its ability to stimulate endothelial NO production as well as diminish EPC's function in endothelial repair by activation of CD36-MAPK-TSP-1 pathways [29] [30] [31] . In light of the significant impairment of the endothelial protection and repair capabilities by dysfunctional HDL, apoA-1 mimetic peptides might possess properties to restore the endothelial protection function of HDL.
ApoA
was first designed and synthesized by Segrest et al. in 1985 [32] . 18A does not have any sequence homology to apoA-1 but mimics the class A amphipathic helixes contained in apoA-1 and thus retains many of the lipid binding properties of apoA-1 [33, 34] . Various kinds of apoA-1 mimetic peptides with differing numbers of phenylalanine residues placed at different positions have been synthesized. These series of peptides are named according to the number and location of the phenylalanine residues. Hence 4F (Ac-F [3, 14] 18A-NH 2 ) is a peptide with four phenylalanine residues (at positions 3, 6, 14, and 18) on the hydrophobic end. 4F exhibits optimal hydrophobicity to interact with phospholipids and thus behaves most like apoA-1 in lipid-peptide interactions [35] [36] [37] . 4F can promote cholesterol efflux and improve pathological processes in a variety of animal models while exerting pleiotropic effects including anti-inflammatory, anti-oxidant, antithrombotic, and lipopolysaccharide protection [35, [37] [38] [39] [40] [41] [42] . Clinical trials have demonstrated doses of 4F peptide ranging between 40 and 100 mg/kg/day would be required for maximal efficacy in preventing atherosclerosis [34, 43, 44] . Of note, some studies indicate that 4F can bind oxidized lipids such as hydroxyeicosatetraenoic acids (HETEs) and hydroxyoctadecadienoic acids (HODEs) with even higher affinity than apoA-1 and it may also have the potential to normalize the composition and function of the dysfunctional HDL [40, [45] [46] [47] . Besides 4F promotes eNOS activation and NO production in human coronary artery endothelial cells, and protects against myocardial infarction through eNOS pathway in C57BL/6J mice.
While it is evident that HDL possesses endothelial protective function and oxidized HDL fails to perform these functions, the role apoA-1 mimetic peptide, 4F in rescuing HDL's protective role in endothelial repair is unknown. The present study explores the role of 4F playing in endothelial repair and extends previous observations by investigating the potential effects of 4F in restoring impaired re-endothelialization by Cl/NO 2 -HDL. To this end, both in vitro and in vivo experiments were designed and executed to delineate the effect of 4F on endothelial repair in the presence of HDL oxidized by MPO. We tested the hypothesis that 4F can restore the impaired function of Cl/NO 2 -HDL in re-endothelialization and improve proliferation, migration, and lamellipodia formation of endothelial cells, thus promoting endothelial repair.
Methods

Animals
Five to six-week-old male SR-BI (+/+) mice and SR-BI (-/-) mice on a C57BL/6 background were obtained from Dr. George Liu (Peking University). Genotyping was confirmed using genomic DNA extracted from tails by PCR (Supplemental Fig. 2E ). Both mutants and control animals were littermates from heterozygous crosses mating. Five to sixweek-old male C57 BL/6 mice were obtained from Department of Laboratory Animal Science, Peking University Health Science Center. All mice were maintained with ad lib access to pellet food and water. Animal husbandry and experimental procedures were carried out strictly by the ethical regulations enforced and approved by the Ethics Committee of Animal Research, Peking University Health Science Center, and conformed to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health).
Isolation of HDL
Fasting plasma was obtained from peripheral blood of healthy and coronary artery disease subjects. Written informed consent was obtained from every participant before the study began, and the local ethics committee approved the protocol conforming to the declaration of Helsinki. LDL(1.019-1.063 g/mL) and HDL (1.063-1.210 g/mL) were isolated from fresh plasma by ultracentrifugation at 550,000 g for 5 h at 4°C. The lipoprotein fractions were then dialyzed against phosphate-buffered saline (PBS: 10 mM; Ph 7.4) containing 100 µM diethylenetriamine pentaacetic acid (Sigma, USA) without endotoxin for three days in the dark at 4°C based on published protocols [20] . The purity of HDL was confirmed by the 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis. HDL was sterilized with 0.22 µm filter, stored in sealed tubes in dark and used within two months. The concentration of HDL was measured by nephelometry (Dimension XPand, Dade Behring, Germany).
HDL nitration and chlorination catalyzed by MPO in vitro
HDL nitration and chlorination were carried out with MPO as previously described [48] . Briefly HDL was incubated in 60 mM endotoxinfree PBS (Ph 7.0) containing 100 µM diethylenetriamine pentaacetic acid, 500 µg/mL HDL protein, 57 nM MPO, and either 1 mM NaNO 2 (for the nitration reaction to produce NO 2 -HDL) or 100 mM NaCl (for the chlorination reaction to produce Cl-HDL). The MPO was added at the start of the reactions, hydrogen peroxide (H 2 O 2 ) at 100 mM in 4 aliquots was added at 25 min intervals at 37°C, and the mix was incubated for a total of 160 min. Then, 2 mM L-methionine was added to quench the reaction for 25 min. Finally, after MPO modification, HDL was dialyzed against 3 × 1 L of endotoxin-free PBS. UV detection at 240 nM revealed that there was no detectable H 2 O 2 after this procedure and HDL modification level was measured by mass spectrometry system [20, 48] (Fig. 1F-H) . The native reference peptide (NRP) method is an LC/MS-based technique that quantifies modified peptides present in a tryptic digest by utilizing an unmodified peptide from the protein of interest that is also formed in the tryptic digestion as the internal standard (native reference peptide). The chromatographic peak areas of the peptides of interest are determined relative to the chromatographic peak area of the native reference peptide as an index of the relative amounts of these analyte peptides. Changes in this ratio represent the changes in the degree of modification. Then, Cl-HDL and NO 2 -HDL were sterilized with a 0.22 µm filter and stored at 4°C in the dark. from three pooled fresh cords, and all experiments were performed from the same batch. Written informed consent for the use of the umbilical cords for the isolation and culture of the HUVECs was obtained from every participant, and the local ethics committee approved the protocol which was performed conforming to the declaration of Helsinki [49] . Briefly, the vein was rinsed three times with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer after perfusion of the vein with a metal gauge. Endothelial cells were digested from the vein walls by collagenase type IA (Sigma; 100 U/mL) at 37°C for 15 min. The reaction was then terminated by adding Endothelial Cell Medium (ECM; Sciencell, USA). The cell pellet was resuspended in ECM after centrifugation for 5 min at 1000 rpm and the cells were reseeded onto the collagen-coated culture dishes. HUVEC were cultured with ECM containing 5% bovine serum, 1% endothelial cell growth supplement, and 1% penicillin/streptomycin solution, in a humidified atmosphere (5% CO 2 ) at 37°C. HUVECs were isolated from three umbilical cords and passages 2-5 were used in all experiments. Anti-CD31 and anti-CD34 antibodies were used to identify endothelial cell phenotype.
Isolation and cell culture of MAECs
Mouse aortas were excised under anesthesia with inhalation of 2.5% isoflurane to isolate MAECs. The adequacy of anesthesia was monitored through pinching the hind paw, and the sufficiently sedated mice were euthanized by cervical dislocation. Mouse aortas were separated with sterilized devices and 2 mm sections were dissected and placed on matrigel pre-coated plates and cultured in ECM at 37°C for 7-14 days to promote MAEC outgrowth before passage. The relevant experiments were performed on MAEC cells from three batches at passages 2-3, and cells in each batch were isolated from three mice. The cells were stained with anti-CD31 and anti-CD34 antibodies to confirm endothelial cell phenotype.
Cell proliferation by 5′-bromo-2′-deoxyuridine (BrdU) immunohistochemistry
HAECs were purchased from ScienCell Research Laboratories (USA), and cultured in ECM as above. HAECs used in all experiments were at passages 3-5 from the same purchase. HAEC were plated at a density of 1000 cells/well in a 96-well plate and were cultured overnight. The cells were incubated with HDL, 4F (D-4F; GL Biochem(Shanghai) Ltd.), HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, or NO 2 -HDL+4 F for 24 h (native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/mL concentration). Then cells were labeled with 20 µL/well BrdU labeling solution [20] and incubated with 200 µL/well fixing and denaturing solution. After incubation with 100 µL/well anti-BrdU-POD working solution for 90 min, the cells were washed three times with PBS subsequently, and TMB substrate solution was added. The absorbance was read at 450 nm with an ELISA plate reader (Model 550; Bio-Rad).
Wound healing migration assay
HAECs were plated in 24-well plates (5×10 5 cells/well) in ECM and were cultured until the formation of the cell monolayers. Then the layers were scratched by manual scraping with a 20 µL micropipette tip before washing with PBS. The cells were then incubated with ECM containing 1% bovine serum only or respectively together with HDL, 4F, HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, or NO 2 -HDL+4F for 18 h (native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/ mL concentration). Then the HAEC were fixed with methanol, stained with hematoxylin-eosin, and observed under an inverted microscope (Nikon, Japan). The cells that had migrated into the wound edge were photographed and quantified in 10 random high-power (100×) fields.
Results were confirmed in at least three independent experiments.
Transwell migration assay
Apart from wound healing migration assay, quantitative migration assays with HAECs were performed using a modified Boyden chamber (Minicell; Millipore, USA) with 8.0 µm pore polycarbonate filter inserted in a 24-well plate. The lower chamber was filled with 600 µL of ECM and 5% bovine serum. HAECs (1 × 10 5 cells/well) in ECM and 1% bovine serum were plated into the upper chamber. HDL, 4F, HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, and NO 2 -HDL+4F were added to each well and incubated for 5 h (native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/mL concentration) respectively. Then all nonmigrated cells were removed from the upper chamber of the transwell membrane with a cotton swab while migrated cells were fixed and stained with hematoxylin eosin stain. Migrated cells in 20 random highpower (100×) fields were photographed with an inverted microscope (Nikon, Japan) for each chamber.
Single cell migration assay
Single cell migration assay was performed as previously described [50] . Briefly, glass bottom culture dishes (Nest Biotechnology Co.) were first coated with 50 μg/mL of fibronectin (FN, Santa Cruz Biotechnology, Inc.) at 37°C for 1 h and thoroughly washed with distilled water. Cells were then seeded at 6 × 10 3 cells per cm 2 for 8-12 h. Then cells were labeled with 1 μM 5-chloromethylfluorescein diacetate (CellTracker green CMFDA from Molecular Probes, Invitrogen) in serum-free medium for 30 min. After washing with PBS, the cells were incubated with ECM containing either 1% bovine serum only or in combination with HDL, 4F, HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, or NO 2 -HDL+4F for 6 h (native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/mL concentration). Time-lapse microscopy was performed afterwards on fluorescent Nikkon A1R microscope (10 × objective) equipped with the heated stage and environmental chamber. Cell speed was measured with ImageJ using the Manual Tracking plugin (http://rsbweb.nih.gov/ij/plugins/track/track.html) and plotted with GraphPad Prism.
Lamellipodia formation
Sterilized coverslips were placed in a 24-well plate and HAECs were seeded on the coverslips. After 12 h, control (PBS), HDL, 4F, HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, and NO 2 -HDL+4F were added to each well respectively (native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/mL concentration). After 15 min the medium was removed, and the cells were fixed with methanol, stained with rhodamine phalloidin (Cytoskeleton, USA) and cell nuclei were counterstained with DAPI (Beyotime, China) according to the manufacturer's protocol. Then the cells were imaged using a laser scanning confocal microscope (Leica TCS SP5, Germany). Data are representative of three independent experiments.
Western blot
eNOS, Akt phosphorylation, eNOS, Akt, and SR-B1 were analyzed by Western blot. HAEC were cultured in 12-well plates and starved overnight. Then cells were treated with native HDL, 4F, HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, and NO 2 -HDL+4F (native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/mL concentration) for various times. Afterwards, cells were harvested and lysed in a mixture containing radioimmunoprecipitation assay buffer (Beijing Applygen Technologies Inc., China) in the presence of protease and phosphatase inhibitors (Applygen Technologies Inc., China). Cell debris was removed by centrifugation at 12,000 rpm for 20 min, and the protein concentration was determined using Coomassie brilliant blue method. Then cell lysates (100 µg protein per lane) were subjected to electrophoresis on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto nitrocellulose membranes (Pall Corp., USA) according to standard procedures. The membranes were blocked for 2 h with 5% nonfat milk. Membranes were incubated with each primary antibody (1:500-1:2000 dilution) overnight at 4°C followed by the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (1:1000 dilution). Antibody binding was detected using the SuperSignal West Pico Kit (Pierce, USA) according to the manufacturer's instructions. Antibodies to p-eNOS (S1177; cat.no 9571S), p-eNOS (Thr495; cat.no 9574S), eNOS (cat.no 9572S), AKT (cat. no. 9272S) were purchased from Cell Signaling Technology. p-AKT (S473; cat.no. 2118-1), SR-B1(cat. no. ab52629), Actin (cat. no. 1844-1) were purchased from Abcam.
Measurement of intracellular ROS, plasma lysoPC and urine 8-isoprostane
Intracellular ROS levels were detected using the oxidant-sensitive probe 2′,7′-dichlorofluorescein diacetate. HAECs were planted on 12 well plate with endothelial cell medium and 5% fetal bovine serum at a density of 2 × 10 5 cells/mL for 6 h. Then cells were treated with 4F
(50 μg/mL) for 8 h. Subsequently, cells were washed twice with PBS and incubated with 10 μM of 2′,7′-dichlorofluorescein diacetate for 30 min. DCF fluorescence was detected at 480 nm with a Leica DM IRB inverted fluorescence microscope. 6 randomly selected locations were captured in each well for analysis. Mice plasma was collected until the mice was sacrificed at selected time point. Plasma lysoPC concentration was determined by an enzymatic method (Cosmo Bio Inc. USA). Urine 8-isoprostane was measured with an enzyme linked immunosorbent assay kit (Cayman Chemical Co. USA).
siRNA Knockdown of SR-B1
SR-B1 siRNA transfection was performed. SR-B1 siRNAs (sense: 5′-GGACAA GUUCGGAUUAUUUdTdT-3′; antisense: 5′-AAAUAAUCCGAACUUGUCCTdTd-3′) were synthesized by Shanghai GenePharma Co (Shanghai, China). HAECs were plated in 6-well plates. After 30-50% confluence, HAECs were transfected with 100 nM of SR-B1 siRNA or scrambled siRNA in Opti-MEM with lipofectamine RNAiMIX reagent (Invitrogen) for 4-5 h, And then, incubated in ECM with 2.5% FBS for 48 h followed by further treatment with HDL for 12 h. The cells were then used for further experiments.
NO detection
HAECs were plated in 12-well plates (2 × 10 5 cells/well) in ECM with 5% bovine serum and cultured until 90% confluence. Then cells were treated with HDL, 4F, HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, and NO 2 -HDL+4F (normal HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/mL concentration) for 15 min. Afterwards, cell media were collected and cell debris was removed by centrifugation at 12,000 rpm for 20 min. Cell protein was harvested and concentration was determined using coomassie brilliant blue method. Supernatant nitrites and nitrates were measured as surrogates for NO levels, and determined by a fluorometric method (NO assay kit; Beyotime Biotechnology Inc., China) and standardized to the protein concentration.
Electric injury model and Immunohistochemistry
Carotid artery electric injury was performed as described previously [20, 51] . Mice were anesthetized by inhalation of 2.5% isoflurane. Surgery was carried out on the left common carotid artery with a dissection microscope (CNMICRO, SMZ-B2). The neck skin was bluntly dissected after an anterior incision of the neck, and the left common carotid artery was exposed. The electric injury was applied to the distal part of the common carotid artery. The carotid artery was injured by two alligator clips with copper tips (1 mm wide) positioned around the artery without applying mechanical pressure to the vessel to standardize the temperature increase in the vessel wall. An electric current of 0.8 mA was applied for 2 s to each millimeter of carotid artery over a total length of exactly 4 mm with the use of a plastic size marker parallel to the carotid artery. HDL, 4F, HDL+4F, Cl-HDL, Cl-HDL+4F, NO 2 -HDL, and NO 2 -HDL+4F (native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and 4F at 50 µg/mL concentration) in a total volume of 200 µL were respectively injected via the tail vein after carotid artery injury every other day. The same volume of PBS (control) was injected into control mice. At selected times (1, 3, and 7 days) after injury, the mice were sacrificed by cervical dislocation then perfused with 25 mL of saline and then 4% phosphate-buffered formalin (pH 7.0). The injured vessel segments were dissected and fixed in 4% formalin for 8 h, and then transferred to cold PBS containing 20% sucrose overnight. Afterwards, the vessel segments were embedded in OCT (optimal cutting temperature) compound (Tissue-Tek; USA), snap-frozen in liquid nitrogen, and stored at − 80°C for further use. 7 µm-thickness sections were cut at every 500-mm-spaced interval of the injured carotid artery (4 mm), and sections from the middle of the segments were stained with hematoxylin eosin or the goat antiserum for immunohistochemistry as described below. Endothelial cells were immunostained using a rabbit anti-CD31 antibody against mouse (Zhongshan Goldenbridge Biotechnology Co. Ltd.) and a mouse anti-PCNA (proliferating cell nuclear antigen) antibody (Zhongshan Goldenbridge Biotechnology Co. Ltd.). The cells were then stained with by HRP-conjugated anti-rabbit IgG polymer and HRP-conjugated anti-mouse IgG polymer (Zhongshan Goldenbridge Biotechnology) respectively, and finally coloration with 3,3-diaminobenzidin (DAB). Representative histological photomicrographs are shown (200×).
Statistical analysis
All experiments were performed multiple observations of biological and technical replicates. Results were presented as the mean ± SEM or as the percentage change compared to control. The non-parametric analyses were used in the data analysis with GraphPad Prism software (GraphPad Prism Software version 7, USA) and values were considered significant at P < 0.05.
Results
4F at optimal concentration promoted proliferation of Human Aorta Endothelial cells (HAEC)
We first examined the effect of various concentrations of 4F on the proliferation of HAEC in culture. HAECs were incubated with increasing concentration of 4F (0-100 µg/mL), and 4F improved HAEC proliferation with a concentration-dependent effect and at a peak maximum of 21.0% at 50 µg/mL (Fig. 1A) . Thus, we chose working concentration of 4F at 50 µg/mL for all the following experiments. To determine the effects of different treatments on HAEC proliferation, we used the BrdU cell proliferation assay. Exposure of cells to HDL, 4F, and HDL+4F significantly stimulated HAEC proliferation compared with control (PBS) by 32.5%, 31.8% and 33.7% respectively. However, chlorinated HDL (Cl-HDL) and nitrated HDL (NO 2 -HDL) dramatically diminished proliferation compared with HDL by 19.9% and 24.4% respectively (Fig. 1B) . And, the reduced capability of Cl-HDL and NO 2 -HDL in promoting HAEC proliferation could be reversed by adding 4F at 50 µg/mL concentration. When HAEC are treated with Cl-HDL+4F and NO 2 -HDL+4F, HAEC proliferation was increased by 13.6% and 18.2% compared with Cl-HDL and NO 2 -HDL treatment alone respectively (Fig. 1B) .
We then used aortic endothelial cells of SR-BI (+/+) mice and SR-BI (-/-) mice to determine the effect of 4F on endothelial cell proliferation.
Interestingly, similar results were observed in SR-BI (+/+) aortic endothelial cells (Fig. 1C) while no difference in cell proliferation was observed with SR-BI (-/-) aortic endothelial cells (Fig. 1D) , suggesting that 4F mediated endothelial proliferation through SR-B1. Use of SR-B1 siRNA with scrambled siRNA as control revealed that SR-B1 siRNA treated cells do not show the cell proliferation caused by 4F. This confirms that 4F acts via the SR-B1 pathway (1E, Supplementary Fig. 2 ). Fig. 1E to G reveal the levels of oxidation in tryptophan, methionine, and tyrosine various amino acid residues of HDL are elevated in Cl/ NO 2 -HDL using mass spectrometry.
4F promotes migration of HAECs and overcomes impaired function of Cl/NO 2 -HDL in HAEC migration
As shown in Fig. 2A and C, HDL, 4F and HDL+4F increased the migration of HAECs into the wound area compared with control by 135.0%, 151.0% and 164.0% respectively while both Cl-HDL and NO 2 - HDL dramatically diminished the migration compared with HDL by 59.1%. 4F improved the diminished ability of Cl-HDL and NO 2 -HDL in promoting HAEC migration. Cl-HDL+4F and NO 2 -HDL+4F promote cell migration 51.8% and 66.7% over that with Cl-HDL and NO 2 -HDL treatment alone respectively ( Fig. 2A, C) . LDL and HDL isolated from cardiovascular patients were also used as a control while VEGF as a positive control (Supplemental Figure 1) .
To confirm these effects of 4F on endothelial cell migration, we incubated HAECs for 5 h in transwell plates with the various treatment conditions. The results were in agreement with the wound healing experiments (Fig. 2B) . Briefly, 4F increased HAEC migration to 117.0% of the control value and 4F treatment improved Cl-HDL and NO 2 -HDL mediated HAEC migration by 37.7% and 47.3% respectively (Fig. 2D) .
To get a more specific cell migration data and to exclude any possible artifacts caused by cell proliferation variations, we performed the single cell migration assay. Cell tracker dye labeled HUVECs have plated on glass bottom culture dishes coated with 50 μg/mL of fibronectin, followed by treatments with various factors. Time-lapse microscopy was performed to monitor single cell migration, and cell speed was quantified by tracking individual cells from the time-lapse movies. We observed a 66.7% cell speed increase in the 4F treatment group versus control. We also noticed that 4F treatment rescued the ability of Cl-HDL and NO2-HDL in promoting cell migration (by 120.4% and 137.9% respectively) (Fig. 3 , Movie S1).
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.redox.2017.11.027.
4F stimulates lamellipodia formation in HAECs and compensates for the impaired function of Cl/NO 2 -HDL in this process
To explore how different treatments can affect endothelial cell migration, we tested the initial effects of these treatments on the actin cytoskeleton. Lamellipodia formation is an indicator of actin polymerization and suggests active cell migration. Fully adherent and confluent HAECs were treated with native HDL or Cl/NO 2 -HDL at 100 µg/mL, apoA-1 or 4F at 50 µg/m/L for 15 min (Fig. 4A) . HDL, 4F and HDL+4F substantially induced more lamellipodia per cell than control value by 2.9-fold, 2.6-fold and 2.7-fold respectively (Fig. 4C) . Cl-HDL and NO 2 -HDL effects were decreased (61.7% and 67.6% respectively compared with native HDL) less compared with native HDL (Fig. 4B) . Nevertheless, by adding 4F in Cl-HDL and NO 2 -HDL treatment, the formation of lamellipodia in HAECs increased to 89.3% and 61.7% respectively, confirming that 4F can contribute to cell migration and lamellipodia formation, as well as reverse the impaired function of Cl/NO 2 -HDL. HUVECs appeared similar lamellipodia formation with 4F and Cl/NO 2 -HDL treatments (Fig. 4B, D) .
4F activates eNOS, Akt phosphorylation and diminishes oxidative stress in endothelial cells
eNOS and Akt phosphorylation are involved in HDL mediated endothelial cell migration and proliferation [18, 52, 53] . We have previously demonstrated the role of Cl-HDL and NO 2 -HDL in Akt phosphorylation on cell migration and proliferation [20] . We hypothesized that 4F exerted a similar influence on the eNOS and Akt phosphorylation. HAECs were incubated under various conditions and time periods. eNOS phosphorylation was increased after 15 min of 4F treatment (Fig. 5A, B and C) . It was shown that eNOS phosphorylation of HDL, 4F, and HDL+4F was increased 1.7-fold, 1.72-fold and 1.8-fold compared with control respectively. However, Cl-HDL and NO 2 -HDL reduced phosphorylation of eNOS by 65.9% and 78.9% respectively while 4F can dramatically restore their function to an increase of 134.1% and 157.9% (Fig. 5A and B) .
Similar results were observed in Akt phosphorylation. HDL, 4F and HDL+4F stimulated 1.9-fold, 1.8-fold and 1.7-fold more phosphorylation level than control. Comparing with HDL, Cl-HDL and NO 2 -HDL had reduced ability to activate Akt phosphorylation at 46.1% and 54.5% respectively, which can also be reversed by 4F to 36.4% and 41.7% increase relatively (Fig. 5A and D) .
We measured the nitrite and nitrate content as surrogates of nitric oxide (NO) in HAEC treated with native HDL, Cl/NO 2 -HDL at 100 µg/ mL apoA-1 or 4F at 50 µg/mL concentration for 15 min showing the After cells were incubated with HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 and/or 4F at 50 µg/mL concentration for 6 h, time-lapse microscopy was performed on a fluorescent microscope (10× objective) with Nikon BioStation IM (10× objective). The red arrow follows the labeled cell across various time points. (B) Cell speed was measured in 20 random fields with ImageJ using the Manual Tracking plug-in. Cells migration into the gaps were quantified. Videos were shown in supplemental movie S1. These experiments have three independent biological replicates and HUVECs were isolated from three fresh cords and passages 2-5 was used. Redox Biology 15 (2018) [228] [229] [230] [231] [232] [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] HDL and 4F increased NO production and that Cl-HDL and NO 2 -HDL decrease NO production that was improved with 4F treatment (Fig. 5E ).
Reactive oxygen species (ROS) formation was measured in cells treated with 4 F/ox-HDL in vitro as showen in Fig. 5F . Plasma lysoPC (Fig. 5H ) and urine 8-isoprostane (Fig. 5I ) in electric injury mice treated with 4F were measured. The data demonstrated HDL, 4F and HDL+4F inhibited the production of ROS compared with control while both Cl-HDL and NO 2 -HDL dramatically diminished the protection effects compared with HDL in vitro. Treatment with 4F significantly lower lysoPC and 8-isoprostane levels compared with PBS group in vivo.
4F promotes cell proliferation and reendothelialization in an in vivo model of endothelial injury
We tested our hypothesis that 4F mediates endothelial repair and reendothelialization through the neointima formation process in a mouse model with electric-induced carotid injury [20] . The injury destroyed all medial smooth muscle cells and denuded all the intact endothelium in the injured segment. Endothelial cell marker CD31 (Fig. 6A and C) and standard hematoxylin eosin (Fig. 6B and D) staining revealed the gradual process of re-endothelialization, which is characterized by repopulation of the media, and accumulation, proliferation and migration of endothelial cell within the neointima of smooth muscle cells originating from the non-injured borders. On day 1 after electric injury, no noticeable difference was observed between different treatment groups. From day 3 to day 7, it was demonstrated that the neointima was restored gradually at a different rate depending on various treatments. As shown in Fig. 6B , HDL, 4F, and HDL+4F promoted faster reendothelialization in contrast to Cl-HDL and NO 2 -HDL while the impaired function of Cl/NO 2 -HDL can be improved in an especially potent way by adding 4F treatment.
PCNA is a nuclear factor involved in DNA replication and repairing of proliferating cells. Cell proliferation was identified and evaluated by immunostaining for PCNA [20] . As shown in Fig. 7 , treatment with HDL, 4F and HDL+4F induced early endothelial cell proliferation within the neointima50.0%, 39.6% and 54.2% more than control on day 3. By day 7, 4F treated intima was distinguishable and recovered more thoroughly than others. However, weak strength and poor capability in stimulating endothelial cell proliferation were observed in Cl-HDL (52.8% decrease on day 3% and 74.1% on day 7) and NO 2 -HDL (52.8% decrease on day 3% and 62.6% on day 7) in comparison with HDL. The diminished capability can be compensated by 4F (44.1% and 41.2% increase on day 3 for Cl-HDL and NO 2 -HDL respectively; 48.2% and 37.4% increase on day 7 for Cl-HDL and NO 2 -HDL respectively), indicating the restoration effect for Cl/NO 2 -HDL was also a time-dependent process. The immunostaining was repeated in SR-B1
(-/-) mice to demonstrate the lack of impact of 4F in these mice, thus proving that 4F action is related to the SR-B1 mechanism as seen in Supplemental Figure 2 .
Discussion
Our study demonstrates that apoA-1 mimetic 4F promotes endothelial repair and restores the re-endothelialization impaired by the presence of oxidized HDL. These results are consistent with our previous work, and confirms that MPO catalyzed nitration and chlorination of HDL impairs its ability to induce proliferation and migration (Figs. 1-7) . Directional migration assays that measure cell mobility using single-cell tracking demonstrate the effects of 4F on endothelial cell migration and re-endothelialization that are also supported by wound healing and transwell assays. In an in vivo model of endothelial injury, 4F appears to act through an SR-B1 related mechanism and phosphorylates eNOS and Akt. More importantly, the data reported herein indicate that apoA-1 mimetic peptide 4F can promote endothelial repairing and restore the impaired function of Cl/NO 2 -HDL in re-endothelialization. Our data provided potential therapeutic targets for ameliorating the impaired effects of Cl/NO 2 -HDL in cardiovascular diseases.
We have demonstrated in previous studies, that the oxidized HDL in diabetic patients downregulates SR-BI expression and the downstream phosphorylation of Akt influences endothelial proliferation and migration [21] . Similarly, HDL modified by the specific action of MPO is dysfunctional in promoting endothelial repair and proliferation by down regulating Akt and ERK1/2 phosphorylation [20] . Our study confirms this fact and demonstrates the ability of 4F to negate the action of Cl/NO 2 -HDL by in promoting endothelial repair and re-endothelialization. 4F improves proliferation of HAECs, and SR-B1 mediates this action. SR-B1 expression, Akt phosphorylation and eNOS phosphorylation are upregulated with 4F treatment. The cell proliferation in endothelial repair was increased in a time-dependent manner in the presence of HDL or 4F in an in vivo model of electric induced carotid injury showing the evident influence of 4F in endothelial repair.
Heme enzyme MPO is bound to apoA-1 on residues A 190 -L 203 , in close spatial proximity to potential sites of MPO specific oxidative modifications through nitration (Tyr18, Tyr100 and Tyr192) and chlorination (Tyr192) in the pro-inflammatory environment of human atherosclerotic plaque [20, 28, 48, 54] . Cl/NO 2 -HDL is dysfunctional in repairing endothelium and in exerting other anti-atherosclerotic effects predominantly due to alterations of apoA-1 class A amphipathic helical structure by MPO [55] . The helical structure of apoA-1 which is vital for its physical-chemical and biological properties undergoes conformational change under the action of MPO. It results in impaired hydrophobic face-lipid acyl chain interaction activities when translocated in an aqueous environment. 4F did not affect MPO levels but reduced MPO association with apoA-1 occurring in a decreased 3-nitrotyrosine concentration of apoA-1 [56] . ApoA-1 mimetic peptide 4F has distinct differences compared to native apoA-1 in that in pathological conditions, and MPO released by activated leukocytes catalyzes the oxidation of the sole tryptophan residue in 4F in both lipid-free and lipid-bound states. However, unlike Cl/NO 2 -HDL, 4F preserves its biological function in mediating lipid binding and ABCA1-dependent cholesterol efflux despite the oxidative modification [57] . Tryptophan residues have a unique transmembrane distribution pattern close to the polar-nonpolar interface of 4F, and MPO action does not significantly alter the helicity of 4F, and its lipid-associating capability. Lipid-associating capability is related to hydrophobic interaction or charged residue interaction with phospholipid head groups [57, 58] .
4F shares structural similarities with apoA-1, exerting comparable and even superior vascular protective properties. The 2-thiobarbituric acid (TBA) test is intrinsically nonspecific for malondialdehyde (MDA). Non-lipid-related materials as well as fatty peroxide-derived decomposition products other than MDA are TBA positive [59] . For the serious limitations the MDA method, lysophosphatidylcholine (lysoPC) was Fig. 5 . HDL and 4F exert effects through activating eNOS, Akt phosphorylation, SR-B1 expression, and diminishing reactive oxygen stress. HAECs were treated with native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 or 4F at 50 µg/mL concentration for 15 min. Cell lysates were analyzed by Western blotting using anti-phospho-Akt (Ser473) antibody, anti-phospho-eNOS (S1177) antibody, anti-total-Akt antibody, and anti-total-eNOS antibody. (B) Densitometry of phospho-eNOS bands was normalized to the total-eNOS bands. (C) Densitometry of SR-B1 bands was normalized to actin bands. (D) Densitometry of phospho-Akt bands was normalized to the total-Akt bands. (E) Nitric oxide (NO) determination in human aortic endothelial cells (HAEC) treated with native HDL, Cl/NO 2 -HDL at 100 µg/mL apoA-1 or 4F at 50 µg/mL concentration for 15 min (F) Intracellular ROS levels were detected using the oxidantsensitive probe 2′,7′-dichlorofluorescein diacetate in HAECs treated with 4F (50 μg/mL) for 8 h. 6 randomly selected locations were captured in each well for analysis. (G) Fluorescence integrated density of intracellular ROS of HAECs was quantified using imageJ. (H) Plasma lysoPC of WT mice treated with control, HDL and 4F were measured. (I) Urine 8-isoprostane of WT mice treated with control, HDL and 4F were measured. These experiments had four independent biological replicates and every group has 6-8 mice. Quantitative analysis of HE-stained cells in neointima at 1 day, 3 days and 7 days respectively. The experiments had three independent biological replicates and every group had 6-8 mice. The space between groups is too close, and the figure was presented with bar graph rather than dot plots to display the data clearly.
used as an oxidative stress marker. Oxidized LDL and lysoPC, the principal lysophospholipid in oxidized LDL, block EC migration in vitro. 4F rescues the effects of lysoPC on EC migration in vitro and in vivo by improving endothelial healing of arterial injuries in hypercholesterolemic mice [60] . Oxidized phospholipids and oxidized fatty acids are reported to bind with much higher affinity to 4F than to apoA-1. Specifically, when the lipids are oxidized, the binding to apoA-1 reduced dramatically while the binding to 4F is markedly increased [46] . LysoPC has been shown to be a potent chemoattractant for T-cells and monocytes, which promotes endothelial dysfunction, induces the release of arachidonic acid, and induces apoptosis of endothelial and vascular smooth muscle cells [61] . Moreover, studies have shown that 4F decreases plasma lysoPC levels in hypercholesterolemic mice [62] , and this has been attributed to the microdomains of 4F that interact with lipid membranes. It provides a thermodynamically favorable environment for binding more polar oxidized lipids, which makes it easier for 4F to sequestrate oxidized lipids from the aqueous environment [46, 63] . Besides, 4F induces the expression of microRNA-193-3p (miR193) by suppressing the peroxisome proliferator-activated receptor/RXR-α signaling pathway and regulates lipoxygenases that form these oxidized lipids [17, 40] . 4F protects HUVECs from oxidized LDLinduced injury by preventing the downregulation of pigment epithelium-derived factor expression [64] .
One of the mechanisms by which oxidized LDL and lysoPC inhibit EC migration is through an increase in EC production of superoxide by NAD(P)H oxidase [65] . Rosenbaum et al. demonstrated that 4F decreased ROS, but 4F did not alter NAD(P)H oxidase activity. 4F might act as a scavenger of ROS or increase the activity of superoxide dismutase [60] . In our study, 4F does not cause change in oxidized LDL incorporation in vessel wall at seven days but reduces levels of oxidative stress, including cellular ROS, plasma lysoPC and urinary 8-isoprostane levels, which inversely correlate with endothelial healing. Limited studies have focused on the influence 4F on endothelial repair, and 4F increased eNOS related vasodilation in LDLr (-/-) mice [56] . In a Quantitative analysis of cell proliferation by PCNA at neointima in 1 day, 3 days and 7 days respectively. The experiments had three independent biological replicates and every group had 6-8 mice. The space between groups is too close and the figure was presented with bar graph rather than dot plots to display the data clearly.
recent study in diabetic rats, daily 4F administration prevented loss of endothelial cells and promoted endothelial repair. 4F upregulates the eNOS/NO pathway and expression of heme oxygenase (HO)-1 demonstrating a protective and defensive phenotype, confirmed by simultaneous upregulation of CD31+expression and thrombomodulin [66, 67] . Both markers can improve endothelial function. Our study also shows evidence of the favorable role of 4F in endothelial proliferation and repair via an eNOS/Akt phosphorylation pathway. 4F interacts with HDL and incorporates into the HDL particles [68] . 4F particles, compared to reconstituted HDL and the apoA-1 particles, are 14-and 20-fold more efficient in delivering its cholesterol ester core respectively [69] . 4F can normalize the composition and function of the existing dysfunctional HDL through stimulating HDL remodeling and the formation of pre-β HDL which is considered to be the most active HDL fraction in promoting reverse cholesterol transport [45, 70] . 4F reduces lipid rafts in macrophages to decrease the production of proinflammatory cytokines and chemokines [36, 71] . 4F also binds with paraoxonase-1 (PON1) which forms a complex with MPO and enhances PON1 activity [72] . PON1 has been shown to foster systemic antioxidant effects, stimulate HDL-mediated eNOS-dependent NO production, and promote cholesterol efflux from cholesterol-laden macrophages [28, 72, 73] . 4F therapy has been thought to be a novel platform for PON-1 binding and enhancing its activity and stability. It further inhibits MPO activity and protects HDL from being oxidized [72] .
Clinical trials have explored the safety, pharmacokinetics, and pharmacodynamics of oral apoA-1 mimetic peptide 4F in high-risk cardiovascular patients. Data from these studies indicate that 4F was most effective at preventing atherosclerosis when taken orally and processed in the digestive system [43] . 4F was administered orally at doses starting at 30 mg up to 500 mg, the higher doses significantly improved the HDL inflammatory index (HII; the ability of HDL to inhibit LDL-induced monocyte chemoattractant protein-1) [44] . Plasma native and oxidized apoA-1 levels were comparable at 8 h after subcutaneous injection, with oxidized apoA-1 declining at 24 h while native maintaining [74] . In our study, we found 4F administration via tail vein injection could stimulate EC proliferation in the intima of carotid artery and re-endothelialization which protected endothelial monolayer integrity in the early stage of atherosclerosis and recovered the impaired function of Cl/NO 2 -HDL in vitro and in vivo. While there is a clear benefit in apoA-1 infusion therapy, the monetary cost of apoA-1 therapy would be immense. The use of peptide mimetic to improve HDL associated functions is a powerful tool, and this study demonstrates that 4F promotes endothelial cell proliferation and migration in vivo and in vitro and recovers impaired Cl/NO 2 -HDL function in the early stage of atherosclerosis. These findings stress the potential therapeutic value of 4F in recovering the impaired function of MPO-oxidized HDL in cardiovascular diseases.
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